We study the one-dimensional Kondo lattice model through the density-matrix renormalization group. Our results for the spin-correlation function indicate the presence of a small Fermi surface in large portions of the phase diagram, in contrast to some previous studies that used the same technique. We argue that the discrepancy is due to the open boundary conditions, which introduce strong charge perturbations that strongly affect the spin Friedel oscillations. Several uncertainties still exist in our understanding of the physics of heavy fermion materials.
Several uncertainties still exist in our understanding of the physics of heavy fermion materials. 1 The importance of solving these uncertainties has become even more pressing as we attempt to understand the anomalous behavior observed in the vicinity of the clean antiferromagnetic quantum critical point. 2 The two major scenarios take radically different points of view. In the first one, conduction electrons are assumed to acquire their peculiar dynamics through an essentially perturbative coupling to the slow critical modes of the antiferromagnetic background. 3, 4 Alternatively, the starting point is taken to be the strong coupling of the conduction electrons and the localized spins to form singlets, as in the single impurity Kondo problem. The nature of the quantum critical point is then linked to a nontrivial competition between the local dynamics and the long-wavelength antiferromagnetic fluctuations. 5 One of the key assumptions of the second approach is the presence of a large Fermi surface ͑FS͒, namely, one whose volume is given by including the localized spins in the count
Behind this assumption lies a deep connection 6 between the Friedel sum rule of the single impurity Kondo problem 7 and Luttinger's theorem for the FS volume of a system of interacting fermions. 8 The inclusion of the localized electron in the count is natural within an Anderson lattice model description at weak coupling but becomes doubtful at strong coupling where the Kondo lattice Hamiltonian is the effective low-energy theory. However, topological arguments have been used, in one 9 as well as in higher 10 dimensions, to show that indeed neutral gapless excitations must exist at a k-vector spanning a large FS. 23 Furthermore, numerical studies of the one-dimensional Kondo lattice model have also pointed to the presence of a large FS. 11, 12 In this paper, we show that a more careful analysis of the numerical evidence casts serious doubts on these conclusions and leaves open the question of the size of the Fermi surface in heavy fermion systems.
We considered the one-dimensional Sϭ 
where c j annihilates a conduction electron in site j with spin projection , S j is a localized spin 1 2 operator, and s j ϭ 1 2 ͚ ␣␤ c j,␣ † ␣␤ c j,␤ is the conduction-electron spin-density operator. JϾ0 is the Kondo coupling constant between the conduction electrons and the local moments and the hopping amplitude t is set to unity to fix the energy scale. We treated the model with the density-matrix renormalization-group ͑DMRG͒ technique 13, 14 with open boundary conditions. We used the finite-size algorithm for sizes up to Lϭ120 keeping up to mϭ400 states per block. The discarded weight was typically about 10 Ϫ5 -10 Ϫ8 in the final sweep. There is compelling evidence 15 that the one-dimensional Kondo lattice model away from half-filling is a TomonagaLuttinger ͑TL͒ liquid. 16 TL liquids with periodic boundary conditions, have charge and spin-correlation functions given asymptotically by
where K is a nonuniversal correlation exponent and k F is the Fermi momentum. Besides, local charge and spin perturbations, such as introduced by impurities or boundaries, lead to corresponding Friedel oscillations, which in the case of a TL liquid take the form 11, 12, [17] [18] [19] 
We first show our results for the total spin-correlation func-
Since we use open boundary conditions, translational invariance is lost and c( j,k) depends on both j and k. We present results obtained by two different methods. In the first one ͑dashed lines in Fig. 1͒ , c(lϭ͉ jϪk͉) was obtained by taking j and k at the same distance ͑within a lattice spacing͒ from the center of the chain. We call this the central value of c(l). In the second one ͑solid lines in Fig. 1͒ , we averaged over all pairs of sites separated by the distance lϭ͉ jϪk͉. We will call it the average value of c(l). If the boundary perturbation has a negligible effect on the spin-spin correlation function, then the two methods should yield similar results and we can have confidence that we have obtained the bulk value of c(l). This is indeed what is observed for the density nϭ . 24 This result does not seem to be due to finite-size effects. Indeed, the structure factor peak gets sharper and more pronounced as one goes from Lϭ60 to Lϭ120. This is shown in Fig. 2͑b͒ 11,12 Note a very small feature at wave vector 2n, which, however, does not increase with the system size and is below the accuracy of the DMRG. We also calculated the spin structure factor at several other density values, as shown in Fig. 3͑a͒ . As finitesize effects appear to be negligible, we have kept to smaller chain sizes (Lϭ40 or 30͒. In all cases, there was good agreement between central and average values of c(l). All the results point to the presence of a small FS. In order to understand the origin of this discrepancy we reexamined the parameter ranges studied in Refs. 11 and 12. As we will see, their results occur at large values of J (Jտ1), where strong boundary charge perturbations mask the true bulk behavior of spin correlations. This is diagnosed by very different values of the average and the central c(l). On the other hand, when JՇ1 as in all cases seen above, the boundaries induce only a weak charge disturbance. As a result, central and av- erage c(l) are the same, and the spin-correlation function oscillates at 2k F ϭq s ϭn.
In Fig. 3͑b͒ , we present the local density ͗n j ͘ and the squared z component of the total spin ͗(S jz T ) 2 ͘ vs distance for the density nϭ 11, 12 and the squared z component is anticorrelated with the charge. This strong charge disturbance is seen at other densities when Jտ1 but is suppressed as J is decreased. This can be seen in Fig. 4 , where we show the magnitude of the Fourier transform
iq j (͗n j ͘Ϫn) vs momentum for several densities and coupling constants. Furthermore, when J is decreased, the charge Friedel oscillation peak moves from q c ϭ2(1 Ϫn) to q c ϭ2k F ϭn. We note that a peak at q c ϭ2(1 Ϫn) ͑mod 2) cannot distinguish between a small FS, with 4k F ϭ2n, and a large one, with 4k F *ϭ2(1ϩn) ͑we denote a large Fermi vector by a star͒. For this reason, we cannot use the charge structure factor to determine the size of the Fermi surface. Even when the peaks are not sharp, the oscillations are still quite well defined, as shown in Fig. 5͑a͒ for nϭ . This is also reflected in the spin structure factor, which shows only broad ill-defined features, as plotted in Fig. 6͑b͒ . This is the key to understanding the discrepancy between our results and the ones of Shibata and co-workers. 11, 12 In order to observe spin oscillations, Shibata et al. applied a small local field at the chain ends and measured ͗S jz T ͘. shows that the system is rendered more polarizable by the boundary perturbation at the peaks of ͗(S jz T ) 2 , where an increase of the charge peak is accompanied by an increase of the spin peak. Spin Friedel oscillations should ideally be studied by applying a small local magnetic perturbation in the absence of any charge perturbation. We conclude that, based on the available evidence, it is impossible to determine whether the system has a large or a small Fermi surface for Jտ1. We can envisage three alternatives to try to overcome this difficulty. The first one would be to use larger boundary fields so that the spin perturbation can surpass the charge one. However, it is not clear that this regime is attainable without drastically changing the nature of the ground state. A second way would be to work with periodic boundary conditions and a magnetic field applied at one site only, thus eliminating boundary charge perturbations while keeping spin ones. However, this is not particularly appealing because the DMRG loses accuracy with periodic boundary conditions. Finally, by going to larger systems one can have access to the true bulk behavior. Without these further studies, the size of the Fermi surface at Jտ1 remains undetermined.
We have also calculated the spin correlations between localized spins only and conduction electrons only. In Figs. 7͑a͒ and 7͑b͒ we present these correlations together with the total spin-spin correlations for densities nϭ1 and nϭ 1 4 , respectively. In Fig. 7͑b͒ , the correlations between localized spins are not shown since they differ very little from the total spin ones. As expected all three functions have the same period, differing only in amplitude. It is also clear that the conduction-electron contribution increases with the density. Note also that the spin correlations at half filling ͓Fig. 7͑a͔͒ decay much faster than at other fillings, due the presence of a spin gap. 20, 21 Let us now discuss these results. The theorem of Ref. 9 guarantees that, provided there is either unbroken time reversal or parity symmetries in the ground state, the onedimensional Kondo lattice has gapless excitations at 2k F * ϭ(1Ϫn). This should be valid within the PM phase. The conventional Luttinger liquid phenomenology then tells us that these are collective spin and/or charge bosonic excitations with a linear dispersion with respect to deviations from this wave vector. They lead to the characteristic oscillatory behavior of Eqs. ͑1͒ and ͑2͒ and the corresponding peaks in the spin and charge structure factors. Of course, the theorem does not forbid the appearance of gapless excitations at other wave vectors such as 2k F ϭn. Together with our results, this would seem to indicate that the spectral weight at 2k F * is rather small in the range JՇ1, most of it being concentrated at 2k F .
The conventional wisdom about heavy fermion systems is based on the competition between the local Kondo effect and the intersite Ruderman-Kittel-Kasuya-Yosida ͑RKKY͒ interaction. Although this dichotomy is controversial in one dimension, it is tempting to use it as a general guide. The size of the compensating Kondo cloud around a single localized moment has been argued to be exponentially large ae 1/J , where a is the lattice spacing and is the density of states at the Fermi level, 22 with typical values on the order of 1 m. Thus, it would increase as J is decreased towards the physically relevant region JՇ1, where we observe the peak at q s ϭ2k F ϭn. This might lead us to think that we should work with system sizes that are at least as large as the Kondo compensating cloud in order to observe features characteristic of a large FS. However, the fact that the peak at 2k F becomes sharper and more pronounced as L is increased ͓Fig. 3͑b͔͒ casts doubt on this naive expectation. Moreover, even if the true thermodynamic limit of the spin correlations do indeed oscillate at 2k F *ϭ(1ϩn), our results show that perhaps at the physically relevant distance scale the important wave vector is actually 2k F ϭn. For example, neutronscattering experiments are limited by the coherence length of the neutron beam and may not be able to probe large distances such as ae 1/J . Other probes of the FS size, such as quantum oscillations, are limited by the electron mean free path, which would also have to exceed this length scale to access the asymptotic limit. Thus, our results put stringent limits on the observability of a large FS in heavy fermion systems. Besides, the presence of disorder and/or inelastic scattering may render the small FS size the only relevant length scale in real systems.
In conclusion, we have found clear signatures of a small Fermi surface in the spin-correlation function of the onedimensional Kondo lattice at small values of the Kondo coupling constant (JՇ1). The discrepancy with previous results in the literature that had argued for a large Fermi surface in this system is ascribed to the presence of large edge perturbations introduced by the use of open boundary conditions. These perturbations are larger for large coupling constants (Jտ1), which hinders the investigation of the Fermi-surface size in this region. Even if the true asymptotic spin correlations are peaked at the large Fermi-surface wave vector, the relevant oscillation period in many cases of interest may be set by the size of the small Fermi surface. 
